Temperature is well known to affect many biological and ecological traits, especially in ectotherms. From a physiological point of view, temperature is also positively correlated to metabolism and is often associated with an increase in reactive oxygen species (ROS) production. It has recently been suggested that ROS play a role in lifespan and resource allocation. However, only a few authors have attempted to explore the relationships between temperature, resource allocation and oxidative balance in ectotherms. Here, we measured the effect of temperature on growth, reproductive effort, offspring quantity and quality, hatching and survival rates, and the associated proximal costs, which were evaluated through the quantification of oxidative balance elements. We reared adult fish (Oryzias latipes) at two non-stressful temperatures (20 and 30°C) during a relatively long period (4 months, approximately the entire adult life). The results show a trade-off between reproduction and maintenance because investment toward growth could be neglected at the adult stage (confirmed by our results). Intriguingly, ROS-dependent damages did not differ between the two groups, probably because of the higher rate of activation of the antioxidant enzyme superoxide dismutase for warm-acclimated fish. The allocation toward antioxidant defences is associated with an earlier reproduction and a lower quality of offspring. These interesting results bring new perspectives in terms of the prediction of the impact of global warming on biota through the use of ecological theories based on oxidative balance and metabolism.
INTRODUCTION
Global warming is now considered a major threat for terrestrial and aquatic ecosystems. The two most well-known ecological impacts of climate change on biota are: (1) shifts in the distribution areas of species towards higher latitudes and altitudes, and (2) shifts in phenology, with spring events occurring earlier under warmer conditions (Wood and McDonald, 1997; Parmesan and Yohe, 2003; Root et al., 2003) . Recently, Daufresne et al. (Daufresne et al., 2009) highlighted that the size of aquatic ectotherms also tends to decrease with global warming. Changes in phenology and organism size are necessarily related to physiological changes, but such physiological changes are not yet understood. Of course, the thermal sensitivity of the physiology of ectothermic organisms has been widely studied, but most of these studies have investigated thermal stress and not a RESEARCH ARTICLE slow and slight deviation from thermal optima [i.e. above the 80% performance breadth ('B80') reviewed by Angilletta et al. (Angilletta et al., 2002) ].
Temperature has a direct influence on metabolism (Gillooly et al., 2001; Pörtner et al., 2006) , playing a role in enzymatic kinetics (Rao and Bullock, 1954 ) and, in turn, increasing oxygen demand (Fry and Hart, 1946) and respiratory activity (Clarke, 2004; Gillooly et al., 2006) . The core of metabolism is oxidative phosphorylation [i.e. consumption of oxygen in order to generate energy as ATP (=ATP)], which mainly occurs in mitochondria. These organelles are involved in a range of other processes [e.g. cellular differentiation, cell death and cell growth (Lane, 2006) ] and probably play a role in ageing (Kirkwood and Austad, 2000) . Rubner (Rubner, 1906) was the first to suggest that higher mass-specific metabolism could lead to a shorter lifespan, and later Metchnikoff (Metchnikoff, 1908) proposed that ageing and death could be the consequences of toxic by-products of metabolism. Harman (Harman, 1956 ) developed the idea and stated that these toxic by-products are the reactive oxygen species (ROS), which derive from oxygen affecting lipids, proteins and DNA integrity. According to Harman's 'free radical theory of ageing' (FRTA), the increase in ROS production or change in oxidative balance (e.g. increased production or fewer antioxidant defences) leads to a decrease in lifespan (Finkel and Holbrook, 2000) . Recently, the idea of oxidative balance led some authors to integrate the FRTA into the concepts of life history trade-offs and resource allocation, especially regarding growth and reproduction (Alonso-Alvarez et al., 2004; Alonso-Alvarez et al., 2006; AlonsoAlvarez et al., 2007; Dowling and Simmons, 2009; Monaghan et al., 2009; Metcalfe and Alonso-Alvarez, 2010) . The main idea is that enzymatic defences require energy that may not be allocated to other functions ['physiological cost' described by Zera and Harshman (Zera and Harshman, 2001) ]. Most of these studies have focused on endotherms and few have dealt with ectotherms (Salin et al., 2012) . Regarding ectotherms, increasing environmental temperature leads to an increase in oxidative metabolism and thus to an increase in ROS production [1-4% of oxygen is transformed into ROS Speakman, 2005) ], especially because mitochondria exposed to high temperatures are less efficient [the ADP/O ratio is lower in warmer conditions ].
Here, we predict that the thermal stimulation of aerobic metabolism in ectotherms will lead to an increase in ROS production, which may, in turn, induce damage to macromolecules. This damage may influence the trade-off in resource allocation between growth, reproduction and maintenance (mechanisms against the ROS damage). Considering that, at the adult stage, allocation of energy toward growth could be neglected (von Bertalanffy, 1957) , the trade-off should be between the two other important traits: reproduction and maintenance. From this, there are two non-mutually exclusive ways that could be used by individuals to deal with this extra ROS production. First, fish living in warm conditions may upregulate their antioxidant activities in order to Non-stressful temperature effect on oxidative balance and life history traits in adult fish (Oryzias latipes) limit oxidative damage. However, because of the amount of energy invested in defences, reproductive effort could be reduced. The second scenario may result from a no-energy allocation to antioxidant defences in order to sustain the ATP pool necessary for reproduction. As a consequence, an increase in oxidative damage and, in turn, mortality rate, may result. In this paper, we used an experimental approach to test these hypotheses. Adult fish were reared at two non-stressful temperatures. We used Oryzias latipes Temminck & Schlegel 1846 because this species can live in a wide range of temperatures without exhibiting any stress. We observed responses throughout the duration of the adult stage (from 4 to 8 months old). This duration is relatively long for this species [mean lifespan in controlled conditions at 27°C is 1 yr (Shima and Mitani, 2004) , confirmed in Leaf et al. (Leaf et al., 2011) ] and corresponds to almost the entire reproductive period (Hirshfield, 1980) . This study was conduced over this duration because the physiological responses observed after short-term acclimation (<1 month) could be different than the responses seen after a long-term exposure [>1 month (Sidell et al., 1973; Greaney et al., 1980; Sellner and Hazel, 1982) ]. To our knowledge, no study has focused on such a long-term temperature exposure (relative to lifespan) in controlled conditions for fish species at the adult stage. The results of our study provide evidence that increasing temperature leads to changes in oxidative balance and life history traits in fish.
RESULTS

Initial versus final size after 4 months of acclimation
In the warm treatment (30°C), the mean initial size of fish (L i ) was 34.9±2.3 mm and the mean final size (L f ) was 35.0±2.3 mm. In the cold treatment (20°C), the mean initial size was 35.4±2.0 mm and the mean final size was 35.5±2.6 mm. We observed that all individuals grew during the experiment because the initial size was significantly smaller than the final size for the two thermal groups (Table 1) . However, no interaction between final size and temperature was found (P>0.05; we removed this effect from the model presented in Table 1 ), suggesting that individuals from the warm group grew similarly to individuals from the cold group. The gain in size was extremely limited (ca. 1 mm), presumably because individuals were already mature at the beginning of the experiment. Finally, there was also no significant effect of sex on growth of adult O. latipes.
Reproduction
Clutches: quantity and quality
There was a significant difference in the mean clutch sizes (=number of eggs) per day and per female (x) between the two temperature Table 2 ).
Phenology
Temporal distributions of the egg production over the experiment were significantly different between the two temperature treatments (χ 2 =1544.63, d.f.=226, P<0.001). Indeed, spawning started immediately in the warm group whereas the first clutch was observed 35 days after the beginning of the experiment in the cold group.
Egg size
Egg sizes were positively correlated to female size (Fig. 2 ). The linear model showed a similar slope for the two temperature treatments, the interaction term being non-significant. Temperature decreased the intercept of the egg size-female size relationship and eggs were, for a given female size, on average 0.11 mm bigger in the cold group compared with the warm group (Table 1) .
Oxidative balance Quantification of oxidative damage
The mean values concerning the membrane damage were 16.36±1.75 nmol MDA mg −1 fresh tissue for the cold group and 16.43±1.20 nmol MDA mg −1 fresh tissue for the warm group. No significant differences between the two groups were observed. Similarly, no significant thermal effect was observed for carbonylated proteins despite a mean that was two times lower for fish from the cold group compared with fish from the warm group (4.6±2.6 vs 8.3±3.6 nmol mg −1 fresh tissue for 20 vs 30°C, respectively; W=16, P=0.19).
Quantification of antioxidant defences
Our linear model highlighted a significant difference between the two temperature treatments regarding the activity of superoxide dismutase (SOD) ( Table 1) , with a higher activity in the warm group (Fig. 3) . Conversely, glutathione peroxidase (GPx) activity did not differ between the two groups (Table 1, Fig. 4 ). In the same way, we showed no significant differences for catalase (Table 1 , Fig. 4 ). Finally, there was more membrane damages when the SOD/GPx ratio was low (Fig. 4 , Table 1 ). The interaction between temperature treatment and SOD/GPx ratio was significant, indicating that the increase in damage on membranes is more efficiently controlled by the increase in SOD/GPX ratio for fish from the cold group than for fish from the warm group.
DISCUSSION
Throughout this 4-month experiment, very little energy was allocated to growth for adult O. latipes for both temperatures. This result contrasts with that observed by Leaf et al. (Leaf et al., 2011) , probably because of their acknowledged overestimation of adult growth and the differences in experimental design. Because no differences in growth were observed, we have especially focused on Boxplots represent the first and the third quantiles and the medians of the mean size of clutch per day observed in each tank (WF0.1 to WF0.5 correspond to the tanks from the warm group and CF0.1 to CF0.5 correspond to the tanks from the cold group). The whiskers extend to the most extreme data point, which is no more than 1.5 times the interquartile range from the box. Open circles (outliers) are defined as data points that are located outside the whiskers of the boxplot. Asterisks indicate a significant difference between thermal treatments (***P<0.001). Results are detailed by tank and means per treatment are determined. The differences were determined only between the rate of hatching (H) and the rate of survival until maturity (MF1) because these parameters take into account the numbers of eggs, larvae and adults. Nc, number of clutches observed; Ne, number of eggs; Nl, number of larva at the end of the experiment; Nm, number of offspring that achieve maturity. ***P<0.001; n.s., not significant.
the trade-off between reproduction and maintenance (here assessed through antioxidant processes). Concerning reproduction, we observed: (1) differences in phenology and in reproductive effort between females exposed to 20 and 30°C, and that females from the cold group laid (2) more eggs per day and (3) larger eggs than fish from the warm group, and (4) their hatching rates were higher, suggesting a better quality of offspring. From a physiological point of view, adults seemed to be similarly impacted by ROS despite the higher aerobic metabolism theoretically observed under higher temperature (Rao and Bullock, 1954) . The present study demonstrates that long-term (relative to lifespan) exposure to high (but non-stressful) temperature has an impact on oxidative metabolism without affecting oxidative damage. However, the lack of significant differences in oxidative damage between temperature treatments raises some questions regarding oxidative markers as sensors of trade-offs.
Concerning the antioxidant defence (SOD activity), we observed higher activity in individuals in the warm group. More surprisingly, temperature seemed to have a potential effect on the antioxidant capacity (evaluated through the SOD/GPx ratio). This effect could thus become a key element regarding the sensitivity of individuals to temperature.
Our study show no direct negative correlation between reproduction and maintenance [as previously observed (Monaghan et al., 2009; McGraw et al., 2010; Metcalfe and Alonso-Alvarez, 2010) ], but the increase in SOD activity associated with the small clutch size observed under warm treatment suggests a possible trade-off between maintenance and reproduction.
Thermal effect on oxidative damage and antioxidant defences
The thermal sensitivity of the metabolism of ectothermic species is well known and well documented (Rao and Bullock, 1954) . Thus, we expected a higher metabolism for fish exposed to the warm treatment and higher associated ROS damage. However, the results of our study showed no significant differences concerning damages to membranes or proteins.
First of all, it is important to note that the lack of a significant effect of temperature on oxidative damage could be due to the limited number of samples used to measure damage, especially to proteins (i.e. the type II statistical error is high). In addition, the absence of observed differences could be related to the age of the fish. Indeed, the individuals tested were 8 months old, which does not exactly correspond to the end of life for O. latipes [mean lifespan at 27°C: 1 yr (Shima and Mitani, 2004) ]. According to the FRTA, older individuals exhibit greater damage. In this context, we cannot exclude that older fish could exhibit higher MDA contents in the warm group towards the end of their life. Thus, complementary analysis on damage to proteins or DNA over a much longer duration could help to achieve a more accurate picture of the relationship between temperature and oxidative damage.
In addition, with increasing temperature, the degree of unsaturation of the fatty acids of the membranes is known to change (Hazel and Williams, 1990; Cossins, 1994) . This change, commonly referred to as 'homeoviscous adaptation' (Hazel and Williams, 1990) , has been interpreted as a mechanism for compensation of membrane fluidity and/or order, a physical property (Cossins, 1994) . This also makes the membranes of highly acclimated fish probably less sensitive to oxidative stress (Bielski et al., 1983) . We cannot exclude that such a phenomenon occurred in our experiment, and this could explain a stronger between-temperature difference in damage to proteins than to membranes. Overall, even if our results for damage have to be analysed cautiously, our experiment reveals that if a sharp increase in temperature induces an oxidative stress (Lushchak and Bagnyukova, 2006) , this effect is subtler when organisms are submitted to slight changes in temperature over the long term.
Regarding antioxidant defence, we confirmed higher antioxidant activities for fish from the warm group than from the cold group. Indeed, SOD tested at the same temperature (25°C) for the two groups showed higher activities for the individuals that were exposed to 30°C. The higher SOD activity for fish from warm conditions has been shown previously in a shrimp species (Macrobrachium nipponense) (Wang et al., 2006) . Surprisingly, the other enzymes involved in oxidative defence (GPx and catalase) presented the same activity in both thermal groups. The higher activity for SOD under warm conditions may thus have induced an increase in H 2 O 2 concentration in the cell. We indeed observed that the positive correlation between the SOD/GPx ratio and the membrane damage indicated that the more incomplete the antioxidant defence chain, the more individuals are affected by ROS. This correlation is thermally dependent and the different slopes suggest once again higher ROS production at 30°C. In addition, de Haan et al. (de Haan et al., 1995) proposed the existence of a biological optimum for the ratio between SOD and GPx + catalase activities, which might be more relevant than the absolute activities of the enzymes themselves. The accumulation of H 2 O 2 could also induce another deleterious effect via the Fenton reaction (Mao et al., 1993) , which leads to the production of the radical hydroxyl (OH −· ), which is the most dangerous oxidative molecule. In other words, accumulation of H 2 O 2 because of higher SOD 
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The Journal of Experimental Biology (2014) doi:10.1242/jeb.096172 activity under warm conditions could have induced an increase in OH −· concentration with harmful effects, even if we failed to detect them here. Further studies focusing on other cell components (e.g. genetic material) and including more individuals would help generate a more complete picture of oxidative damage to cells under warm conditions. Nevertheless, the higher antioxidant activities for fish from the warm group is a crucial point within our resource allocation context.
Mortality and reproductive effort
Quality versus quantity of offspring is one of the trade-offs often studied by evolutionary biologists (Charnov and Gillooly, 2004) . According to Hirshfield (Hirshfield, 1980) , offspring mortality increases with temperature for O. latipes and our results partially validate this relationship. Indeed, the hatching rate was significantly higher for eggs from the cold group. However, no significant differences in survival until maturity were observed.
Besides the mortality rate of eggs and offspring, we observed a delay in the occurrence of the reproductive pattern in the cold group. This delay can probably be explained by the time necessary to produce sexual cells at a low temperature (Robinson and Rugh, 1943) . In addition to this temperature effect on the timing of the reproduction pattern, we observed a change in the clutch size. Indeed, clutches from the warm group were significantly smaller than those from the cold group. Regarding medakas, this is dissimilar to what has been suggested by Hirshfield (Hirshfield, 1980) , but is in accordance with results from Leaf et al. (Leaf et al., 2011) . Interestingly, because females from the warm group laid eggs more often than the females from the cold group, there was almost the same total number of eggs laid in both temperature treatments. Thus, despite a change in the phenology, one could consider that the investment in reproduction was similar between the two thermal groups. It is important to note, however, that for a given length, a warm-acclimated female produced eggs that were significantly smaller in diameter than those from cold-acclimated females, as previously shown by Hirshfield (Hirshfield, 1980) and Leaf et al. (Leaf et al., 2011) . These authors stated that it is not the size of the egg that changes with thermal treatment, but its quality. We cannot exclude that size and quality of the eggs were related in our experiment. Actually, the hatching rate was lower under warmer conditions (and thus when eggs were smaller). Considering the absence of growth during the 4 months of the experiment and the higher investment in antioxidant defences, we can also hypothesize that eggs were smaller under higher temperatures because of a lower investment in reproduction per clutch event.
The clutch size (x) given by Eqn 1 (see Materials and methods) did not take into account the sex ratio, which was different between the two groups and changed during the experiment. However, it is commonly observed that the number of males is not limiting for reproduction, notably in fish species (Andersson, 1994) . These results have several ecological implications. It is generally assumed that warmer temperatures could allow the reproductive period to increase for species that are not submitted to thermal stress. In addition, an earlier reproduction is an advantage in stressful environments (Stearns, 1992) . From this viewpoint, the strategy of the fish from the warm group, which actually invested relatively steadily and quickly in reproduction, could be advantageous. However, the lower quality of the eggs (observed here with the lower hatching rate) could balance the benefit of the increase in the length of the reproductive period. Indeed, it is interesting to note that, at the end of the experiment, the total number of mature individuals of the generation F1 (a proxy of the fitness of the F0 individuals) was quite similar for the two thermal groups (240 versus 290 for the warm and the cold groups, respectively). Thus, the changes in oxidative metabolism and life history traits could help to maintain similar population dynamics in different thermal environments. Further studies focusing on the whole ontogeny and over several generations could validate such hypothesis.
MATERIALS AND METHODS
Biological material and rearing conditions
The Japanese medaka (Oryzias latipes) is a small (20-40 mm, 250-500 mg) and iteroparous (Robinson and Rugh, 1943; Hirshfield, 1980) freshwater fish native to East Asia. This eurythermic fish [living in 5-35°C environments, optimal temperature: 25°C (Dhillon, 2007) ] requires only 10-12 weeks to reach sexual maturity at 25°C. The experimental design is detailed in Fig. 5 . Here, we used 76 individuals belonging to the CAB strain from Carolina Biological Supply Company (Burlington, NC, USA; from AMAGEN, Gif-sur-Yvette, France) and WatchFrog (Evry, France). Fish of this standard strain present differences in the colour of eyes and other tissues (Loosli et al., 2000; Furutani-Seiki and Wittbrodt, 2004; Sasado et al., 2010; Kinoshita et al., 2009 ), but can be used in ecophysiological studies because their development characteristics are similar to those of the wildtype (Sasado et al., 2010; Lawrence et al., 2012) . They were studied from 4 months old (mature) to 8 months old [almost the end of life at 27°C (Shima and Mitani, 2004; Leaf et al., 2011) ]. These individuals were reared under two contrasted temperatures: 20 and 30°C. These temperatures were chosen because of the wide range of thermal conditions supported by O. latipes (Shima and Mitani, 2004) . Because of the possible effect of food resources, fish from each thermal group were fed ad libitum every day at 18:00 h with TetraMin, as in Hirshfield (Hirshfield, 1980) . Individuals were kept for 5 days at the same rearing temperature as the supplier (25°C). After these 5 days, the temperature was increased or decreased by 1°C every 2 days, reaching 20°C for the 'cold' group and 30°C for the 'warm' group within 10 days. During this 15 day period, the photoperiod was 12 h:12 h light:dark.
Thirty-eight individuals (generation F0) were randomly placed in the cold group and 38 in the warm group at a ratio of 1.33 to 1.66 females for one male to maximize the reproductive effort and to avoid overtaxing females [this density, far below 2-3 fish l −1 , causes no stress and no agonistic behaviour (Denny et al., 1991) ]. In order to avoid the loss of all fish because of a common disease (e.g. Ichthyophthirius multifilis), fish were placed in groups of seven or eight in five 20 l tanks (see details in Fig. 5 ; WF0.1 to WF0.5 corresponding to the tanks of the warm group and CF0.1 to CF0.5 corresponding to the tanks of the cold group). After the 'settling' phase (5 days of animal housing and 10 days for the change in temperature), the photoperiod changed to 16 h:8 h light:dark to trigger reproduction (Hirshfield, 1980) . Eggs were collected every day and were placed in a small nursery (2. 
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Measurement of growth
In order to confirm that adult fish did not grow during the experiment, we measured the initial and the final total lengths (in mm) of each individual. At the beginning of the experiment, non-anaesthetised fish were placed in a small Petri dish with water. The sex was determined before individuals were assigned to each tank [females present a smaller anal fin than males (Kinoshita et al., 2009) ] and the initial sizes (L i ) were measured with millimetre graph paper with a precision of ±0.5 mm. Four months later (at the end of experiment), the final sizes (L f ) were determined following the same protocol.
Reproductive effort
Reproductive effort (phenology, quantity of offspring, egg size and quality of offspring) was only determined in females.
Phenology
Clutches were collected every day directly from the female [females keep eggs after fertilisation (Shima and Mitani, 2004) ] with a brush early in the morning (08:00 h). The 10 groups (five tanks per temperature treatment) were followed during the entire experiment in order to determine the phenology of the reproduction processes. The timing of the first clutches was noted in each tank to determine if there was a delay between the two thermal groups.
Quantity of offspring
The clutch sizes (number of eggs) were measured every day. Because the number of females was not exactly the same at the beginning of the experiment (see Fig. 5 ) and because it changed slightly during the 4 months (due to the loss of three females in the warm group), we determined the mean number of eggs produced per female that laid and per day (x) as:
where j 0 corresponds to the first day where females from a tank laid eggs and j f is the last day, N j corresponds to the number of days where females from a given tank laid eggs (not every day), N eji corresponds to the number of eggs laid at a given date (i) and N fji is the number of females that laid eggs on the same date (i).
Egg size
A clutch was taken from each of 15 females (with no significant differences in mean female size between the two groups: t-test: d.f.=67.5, P=0.16) on a single day (27 November 2011, 101 days from the beginning of the experiment). The diameters of 137 and 142 eggs collected from the warm and cold groups, respectively, were measured with a microscope system (Leitz DIALUX 20 EB, Midland, ON, Canada) with ±0.01 mm precision.
Quality of offspring
In order to determine the quality of offspring (i.e. the individuals of the F1 generation), the number of larva were observed at the end of the experiment, which allowed us to determine the hatching rate (H) following the equation:
where N l is the total number of larva observed in a given tank and N e is the total number of eggs laid in this tank. We also determined the rate of survival until maturity of the offspring generation (M F1 ) with the equation:
where N m corresponds to the total number of offspring (corresponding to the F1 generation) that lived until maturity in a given tank. To avoid any bias in the results due to the possible sex effect in resource allocation associated with oxidative balance, we measured physiological properties only on females, as suggested by Heiss and Schoech (Heiss and Schoech, 2012) . After the 4 months of the experiment, fish were euthanised (by demedulation) and placed in an Eppendorf tube (2 ml). They were then placed in liquid nitrogen in order to fix enzymatic reactions and for later tissue analysis. The 23 females from the cold group and the 20 (less three individuals that died during the experiment) from the warm group were used for physiological measurements of oxidative balance. After removing the head and the fins, fish were first homogenised twice with ball milling for 4 min at 50 Hz in a monopotassium phosphate solution (KH 2 PO 4 100 mmol l −1 ). These homogenates were then divided into two equal parts, one used for damage determinations and the other for quantification of antioxidant activities.
Quantification of ROS damage
Under oxidative stress, membrane lipids are peroxidised. The product of this reaction is malondialdehyde (MDA). The thiobarbituric acid reactive substances (TBARs) method is based on the measurement of the presence of MDA in the sample following the protocol described by Yagi (Yagi, 1976) . The homogenates obtained above were homogenised again with a buffer solution (100 mmol l −1 KH 2 PO 4 , with the addition of 0.05% bovine serum albumin, 10 mmol l −1 EDTA, 0.13 mmol l −1 butylated hydroxytoluene and 0.13 mmol l −1 desferoxamine). These new homogenates were then centrifuged at 1100 g (4°C 10 min
) and supernatants were collected. These extracts were conserved at −80°C and analysed later. Two hundred microlitres of supernatant was added to 30 μl of 8.1% SDS, 225 μl of 20% acetic solution and 225 μl of 0.8% thiobarbituric acid. These samples were incubated and shaken at 95°C for 1 h. Then, after addition of 600 μl of butanol/pyridine (15/1), the samples were shaken again for 10 min and centrifuged once more for 10 min at 1600 g (ambient temperature). The upper phases were removed and dosed at 532 nm at 25°C and compared with a standard range with TEP (1,1,3,3-tetraethoxypropane). The results were expressed as nanomoles of MDA per milligramme of fresh tissue.
Even if the TBARs method is commonly used to assess ROS damage [examples in ectotherm species (Wilhelm-Filho et al., 2001; Sukhotin et al., 2002; Mila-Kierzenkowska et al., 2005) ], its use is criticised (Almroth et al., 2005) . Therefore, in order to better evaluate damages caused by ROS, we also measured carbonylated proteins on a subsample of individuals already tested for TBARs (N=5 for the cold group and N=4 for the warm group). The remains of homogenates were centrifuged at 10,000 g for 15 min at 4°C. The supernatants collected were then tested with the Cayman Protein Carbonyl Assay Kit using DNPH (2,4-dinitrophenylhydrazine) as indicative of carbonylated proteins (item N.10005020, Cayman Chemical, Ann Arbor. MI, USA). The results were expressed as nanomoles of carbonylated proteins per milligramme of total protein content (compared with a BSAe standard at 280 nm and 25°C).
Quantification of antioxidant defences: enzyme activities of SOD, GPx and catalase
The extraction method was the same for the three enzymes and quantification of enzyme activities followed the protocols described in Voituron et al. (Voituron et al., 2006) . We homogenised the samples in a buffer solution (1 mmol l −1 dithiothreitol, 2 mmol l −1 EDTA, pH adjusted to 7.4 at 4°C) during 4 min at 50 Hz with ball milling. Homogenates were then centrifuged for 5 min at 4°C and 2380 g and supernatants were used for measurements.
The enzyme superoxide dismutase (SOD) catalysed the dismutation of O 2 · − (superoxide anion) to produce H 2 O 2 (hydrogen peroxide). This enzyme is very unstable; thus, the samples were measured directly after extraction. Homogenates were frozen (−80°C) and analysed later for glutathione peroxidase (GPx) and catalase activities. Measurements of SOD activities were indirect. We used the xanthine/xanthine-oxidase system as a producer of O 2 · − and the oxidation of cytochrome c was followed to determine the activity at 550 nm and 25°C. The results were expressed as units per milligramme of fresh tissue. Regarding GPx, its function consists of the conversion of free H 2 O 2 produced by SOD in water. To evaluate GPx activities, measurements were based on tracking, using spectrophotometry, and the NADPH disappearance at 340 nm and 37°C. We also measured the catalase activities. This enzyme also allows the decomposition of H 2 O 2 to water and oxygen (like the GPx enzyme but not located in the same cellular compartment). The decrease in H 2 O 2 was measured in the sample by spectrophotometry at 240 nm at 25°C in quartz cuvettes in order to quantify catalase activities.
Statistical analysis
Values are given as the means ± s.e.m. For all tests, the level of significance was fixed at 5%. Growth, reproductive effort and physiological properties were analysed by linear mixed models because residuals followed a Gaussian law. We took into account the pseudoreplication effect in these linear mixed models considering the tank as a random effect ('replicates'). All tests were performed using R version 2.14.2 (R Development Core Team, 2012). The linear mixed models were performed with the package 'lme4' (Bates et al., 2012) . The significance of the fixed effects was evaluated by Markov chain Monte Carlo tests (Baayen, 2011) .
Growth
Growth was analysed by a linear mixed model with the final length (L f ) as a dependent variable and initial size (L i ), temperature (°C) and the interaction between L i and temperature as fixed variables. To check for a potential difference in growth of male versus female individuals, sex was also considered as a fixed effect. The replicates were considered as random effects. The interaction term was removed from the model if it was not significant.
Reproduction
Differences in mean clutch size (x) between the two thermal groups were estimated by a linear mixed model with temperature as a fixed effect and date and replicates as random effects. Then, in order to study the differences in the phenology of reproductive events, a χ 2 test of homogeneity was carried out. This test allowed us to observe differences regarding the distribution of clutch events over time between the two thermal groups.
To estimate differences regarding egg size (L egg ), a linear mixed model was used with female size (L female ), temperature and their interaction as fixed effects, and replicate and female identity ('FemaleID') as random effects.
Finally, the hatching rate (H) and survival rate until maturity for the offspring (M F1 ) were compared between the two thermal groups using homogeneity tests to compare two proportions.
Oxidative balance
All females from a given temperature were pooled together at the end of experiment in order to have more statistical power when analysing the differences in the physiological parameters (damage and defence). SOD, GPx and catalase activities and MDA contents were analysed by linear mixed models with temperature as a fixed effect and replicate as a random effect. Because of the small sample sizes, the differences between the rate of proteins carbonylated in the two thermal groups were analysed by a nonparametric test (Wilcoxon Mann-Whitney).
In order to determine the efficiency of antioxidant enzymes, we also calculated the mean ratio between SOD and GPx activities (Sánchez-Rodríguez et al., 2007) . This ratio allowed us to observe, using a linear mixed model, the relationship between damage to membranes (TBARs) and antioxidant capacities (SOD/GPx ratio), temperature and their interaction. Again, the replicates were considered as a random effect. The interaction term was removed from the model if it was non-significant.
